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INTRODUCTION
Escherichia coli resistance to b-lactams has significantly increased in recent years (Al-Hasan et al., 2009) . For Gramnegative bacteria, the production of extended-spectrum blactamases (ESBLs) is a common mechanism underlying broad-spectrum b-lactam resistance, and ESBL-producing Enterobacteriaceae have rapidly spread worldwide in recent years (Hawser et al., 2009) . ESBLs can hydrolyse almost all b-lactams, except for carbapenems and cephamycins. In addition to ESBLs, AmpC b-lactamases can also hydrolyse nearly all b-lactams, except for carbapenems and fourthgeneration cephalosporins (Thomson, 2010) .
In most clinical laboratories, the ESBL-producing capabilities of E. coli and Klebsiella pneumoniae isolates are determined by double-disk diffusion or MIC methods (CLSI, 2009) . Although some procedures, such as the modified Hodge test and the AmpC disk test, have been suggested for detecting AmpC b-lactamase (Thomson, 2010) , these procedures are not routinely used in most clinical laboratories. In routine clinical practice, Enterobacteriaceae isolates that are resistant to cephamycins (e.g. cefoxitin, cefmetazole) or are positive by ESBL screening tests but negative by ESBL confirmatory tests are often considered to harbour AmpC b-lactamase genes (Thomson, 2010) .
Although bla CTX-M-15 is the predominant ESBL gene among Enterobacteriaceae isolates in India, Europe and many other countries (Hawkey & Jones, 2009 ), the most common ESBL genes of Enterobacteriaceae isolates in Taiwan are bla CTX-M-3 and bla CTX-M-14 (Yan et al., 2006) . In addition, bla CMY-2 is the most common plasmid-mediated AmpC gene of Enterobacteriaceae that results in third-generation cephalosporin (TGC) resistance in Taiwan (Yan et al., 2006) . Most E. coli and K. pneumoniae isolates with reduced susceptibility or resistance to TGCs in Taiwan harbour bla CTX-M-3 or bla CTX-M-14 , either alone or accompanied by bla CMY-2 genes (Yan et al., 2006) . Tsui et al. (2012) reported that the prevalence of TGC-resistant E. coli and K. pneumoniae isolates, and of the bla CTX-M and bla CIT genes, rapidly increased between 2006 and 2009. The main reason for this trend remains unknown. However, the study by Tsui et al. (2012) noted that bla CIT genes spread as quickly as bla CTX-M genes, and have resulted in increased resistance to broad-spectrum b-lactams in Taiwan. Furthermore, AmpC b-lactamase production can be induced by clavulanate and interferes with ESBL confirmatory test results (Thomson, 2010) . Thus, isolates with both ESBL and plasmid-mediated AmpC blactamase genes increase the difficulty of detecting ESBL producers and, as a result, can interfere with efforts to control the spread of multidrug-resistant bacteria.
Our hospital is a teaching hospital located in central Taiwan with a total of 1363 beds, including 90 beds in five intensive care units and 40 beds in a respiratory care ward (RCW). Most RCW patients are transferred from an intensive care unit because of difficulties with ventilator weaning and are hospitalized for longer than 1 month. Most of them have received broad-spectrum antimicrobial agents and are bedridden, ventilated and have a long-term indwelling urinary catheter. During 2007 to 2009, 143 of 163 (88 %) hospital-acquired urinary tract infections (UTIs) in our RCW residents caused by E. coli were nonbacteraemic. Nevertheless, an increase in the percentage of TGC resistance among bacteraemic E. coli isolates (i.e. from 8.0 % in 2005 to 26.0 % in 2009) was noted in our hospital during annual antimicrobial-resistance surveillance. In 2009, 44 of 67 (66 %) bacteraemic E. coli isolates with TGC resistance were also resistant to cefmetazole. In addition, the TGC resistance rates of blood E. coli isolates were significantly different between patients on the RCW (11/12, 92 %) and those who presented to our emergency department (25/165, 15 %; P,0.001). Thus, we conducted this study to explore the reasons behind the increased TGC resistance among bacteraemic E. coli isolates. We hypothesized that there had been prolonged clonal spreading due to the presence of TGC-resistant E. coli that harboured bla CTX-M or bla CIT genes, especially in the RCW. Genotyping of these isolates by PFGE and multilocus sequence typing (MLST) was used to identify this prolonged clonal spreading. Community-or hospital-acquired infections were determined according to the US National Nosocomial Infection Surveillance definitions (Garner et al., 1988; Rodriguez-Baño et al., 2006) . The source of bacteraemia was defined using definitions from the Centers for Disease Control and Prevention (Garner et al., 1988) . Based on guidelines from the American Thoracic Society & Infectious Diseases Society of America (2005) , healthcare-associated infection was defined as a communityacquired infection that met any of the following criteria: received intravenous therapy or wound care at home within 30 days before a positive blood culture result; received haemodialysis within 30 days before the onset of bacteraemia; admitted to a hospital for more than 2 days within 90 days before a bloodstream infection; or stayed in a nursing centre or long-term care facility (Friedman et al., 2002) . )-sulfamethoxazole (9.5-38 mg ml
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). The MIC of ciprofloxacin was also determined by agar dilution (0.06-256 mg ml 21 ). Multidrug resistance was defined as non-susceptibility to one or more agent in at least three antimicrobial categories, based on the published criteria (Magiorakos et al. 2012) . Inadequate initial antimicrobial therapy was defined as the failure to administer active antimicrobial agents within 72 h of a positive blood culture.
Confirmation of ESBL production. ESBL production was determined using a double-disk synergy test with cefotaxime (30 mg) and ceftazidime (30 mg) disks, both alone and in combination with clavulanic acid (10 mg) (BD Diagnostics), according to CLSI (2009) guidelines. This test was considered positive when the diameter of the inhibition zone around either the cefotaxime or the ceftazidime disk with clavulanic acid was 5 mm or greater than the diameter around the disk containing cefotaxime or ceftazidime alone.
Antimicrobial-resistance gene detection. The primers used to amplify the plasmid-mediated AmpC and ESBL b-lactamase genes qnr, aac(6')-Ib and qepA are listed in Table 1 . Screening for plasmid-mediated AmpC and ESBL b-lactamase genes was performed using two sets of multiplex PCR (Pérez-Pérez & Hanson, 2002; Monstein et al., 2007) . CTX-M PCR amplicons were further identified using specific primers for the CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-M-25 groups (Woodford et al., 2006) . For the CTX-M-1 group, PCR amplicons were further PCR amplified with ISEcp1IR-F and orf477-R and then sequenced as described previously (Zong et al., 2008) . For the CTX-M-9 group and CIT amplicons, further PCR amplification with specific primers for CTX-M-14 and CMY-2 was performed as described previously (Pérez-Pérez & Hanson, 2002; Yu et al., 2002) .
Plasmid-mediated quinolone-resistance genes, including qnr, aac(6')-Ib and qepA, were detected by PCR (Kim et al., 2009) . aac(6')-Ib amplicons were digested with NdeI and FokI restriction enzymes (Cambio) to confirm the presence of the aac(6')-Ib-cr gene, as described previously (Jones et al., 2008) .
PFGE. Whole-chromosomal DNA of clinical isolates embedded in agarose gel plugs (FMC Bioproducts) were treated with proteinase K and the restriction endonuclease XbaI according to the manufacturer's recommendations (New England BioLabs). The protocol of Gautom Table 1 . Primer sets
Target genes
Primer name Sequence (5 §-3 § direction) Reference (Tenover et al., 1995) . PFGE patterns were also analysed using GelCompar II 6.5 software (Applied Maths). Similarity was calculated with the Dice coefficient using parameter settings of 0.4 % tolerance and 1.0 % optimization.
MLST. MLST analysis was performed using the protocol described on the MLST website (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli/documents/ primersColi_html). Seven housekeeping genes proposed by Wirth et al. (2006) were used: adk, fumC, gyrB, icd, mdh, purA and recA. The internal fragments of these seven genes were amplified and sequenced.
Statistical analysis. Epi Info version 7.1.1.14 (Centers for Disease Control and Prevention) was used to perform a x 2 test for a linear trend to determine whether there was a significantly increasing trend in the prevalence of TGC resistance among bacteraemic E. coli isolates. Statistical significance of the percentage differences between independent groups was assessed using a x 2 test or Fisher's exact test (SPSS version 17.0; SPSS), as appropriate. For all analyses, P¡0.05 was considered significant.
RESULTS
Trends for TGC resistance in all bacteraemic E. coli isolates As shown in Fig. 1 
Patient characteristics and epidemiological data
We collected 83 non-duplicated stock E. coli isolates that exhibited reduced susceptibility or resistance to TGCs from bacteraemic patients. These patients' ages ranged from 44 to 96 years (mean±SD, 71.71±11.85 years). The demographic and clinical characteristics of the patients are summarized in Table 2 . Among the 83 patients, 34 (41 %) had been admitted to the RCW in our hospital. Patients who had stayed in the RCW had a significantly higher prevalence of UTIs (P,0.001) and hospital-acquired infections (P,0.001). Eleven of the 83 patients died within 30 days after the onset of bacteraemia. There was no significant difference in mortality between patients who had and had not stayed in the RCW (5/34, 15 % vs 6/49, 12 %, respectively; P50.75).
Antimicrobial susceptibilities and resistance genes
The prevalence of antimicrobial resistance and antimicrobial-resistance genes among the 83 study isolates is summarized in Comparisons of the prevalence of antimicrobial-resistance genes and resistance rates for patients who did and did not stay in the RCW are summarized in Table 2 . Compared with patients who had not stayed in the RCW, isolates obtained from patients who had stayed in the RCW were significantly associated with a higher prevalence of positivity for aac(6')-Ib-cr (P50.003), bla CTX-M-14 (P,0.001) and both bla CTX-M-14 and bla CMY-2 (P,0.001), and resistance to at least seven antimicrobial categories (27/34, 79 % vs 22/49, 45 %, respectively; P50.002).
PFGE results
An analysis of PFGE patterns revealed 77 pulsotypes that could be grouped into 47 clusters or unique isolates (Fig.  2 ). E and G were the major clusters, including nine and 22 isolates, respectively. All other PFGE clusters included fewer than five isolates each. The demographics, antimicrobial-resistance genes and resistance rates of cluster E and G isolates are compared in Table 3 . Most cluster G isolates were collected in 2009, which was later than cluster E isolates. Compared with cluster E isolates, cluster G isolates were more likely to be associated with hospitalacquired infections and to harbour the aac(6')-Ib-cr and bla CMY-2 genes (all P,0.05). Cluster G isolates also had significantly higher rates of resistance to cefmetazole, aztreonam and ceftazidime, but a lower rate of resistance to cefepime (all P,0.05).
MLST results
A total of 26 sequence types (STs) were identified by MLST typing. Nineteen community-acquired isolates were distributed among 12 STs. Seventeen healthcare-associated isolates and 47 hospital-acquired isolates belonged to 10 and 15 STs, respectively. The major types were ST68 (30 isolates; 36 %) and ST131 (nine isolates; 11 %). Other STs included five or fewer isolates each. Compared with ST68, ST2503 and ST2506 had one allele difference in adk and gyrB, respectively, and were designated ST68-like isolates for this study.
Compared with non-ST68-like isolates, ST68/ST68-like isolates were more likely to be identified in hospitalacquired infections (81 vs 41 %, P,0.001) and UTIs (91 vs 45 %, P,0.001), and in patients who had stayed in the RCW (81 vs 16 %, P,0.001). Moreover, ST68/ST68-like isolates were significantly associated with positivity for bla CTX-M-14 and aac(6')-Ib-cr genes, and had significantly higher resistance rates for cefmetazole, aztreonam, ceftazidime, ciprofloxacin and levofloxacin (all P,0.05). However, there were no significant differences in clinical course, clinical diagnosis, inadequate initial antimicrobial treatment (21/32, 66 % vs 36/51, 71 %; P50.64) or mortality (4/32, 12.5 % vs 7/51, 14 %; P50.87) between cases caused by ST68 and non-ST68 isolates.
DISCUSSION
In this study, we documented prolonged clonal spreading of bacteraemic E. coli in patients who had stayed in an RCW; most of the cases were due to UTIs. Based on the collection times of the studied isolates, this spreading event could have started as early as 2007 and lasted for at least 3 years without appropriate control measures. Although hospital transmission of multidrug-resistant K. pneumoniae and E. coli isolates has been documented (Denis et al., 2012; Hilty et al., 2012) , relatively few outbreaks of nosocomial UTIs have been reported to be caused by E. coli (Pai et al., 2006; Naseer et al., 2007) and prolonged clonal spreading of bacteraemic E. coli ST68 has not been previously reported.
Previous studies in Taiwan reported that patients in RCWs had a higher incidence of ESBL-producing Enterobacteriaceae infection or colonization than those in intensive care units (Kuo et al., 2008; Liu et al., 2011) . However, the reasons for this remain unclear. In the current study, the clonal spreading of multidrug-resistant E. coli was identified through epidemiological investigations and DNA fingerprinting analysis using PFGE and MLST. Most of the patients infected with these spreading isolates had been admitted to our hospital's RCW. The clonal spreading isolates had a higher prevalence of positivity for bla CTX-M-14 and resistance to seven or more antimicrobial classes. However, it remains unclear whether the increased resistance to TGCs among Enterobacteriaceae isolates from patients who have stayed in an RCW in Taiwan results from similar clonal spreading. Even so, the prolonged clonal spreading of TGC-resistant E. coli indicates that patients who have stayed in RCWs are probable reservoirs of multidrug-resistant Enterobacteriaceae. In our hospital, the number of patients with TGC-resistant E. coli bacteraemia among those who stayed in the RCW decreased from 11 in 2009 to three in 2012 due to precautions such as enhanced hygiene with hand-washing, environment cleaning and less patient contact. Our results may also serve to remind clinicians of the probability of nosocomial transmission of multidrug-resistant Enterobacteriaceae and the importance of infection control.
In this study, 84 % of patients (26/31) with infections caused by the clonal spreading isolates (clusters E and G) had stayed in the RCW and 90 % (28/31) had been diagnosed with a UTI. A possible explanation for the predominance of UTIs with the ST68 group could be an association with having stayed in an RCW. Those patients who had stayed in the RCW had a higher risk of a UTI due to being bedridden and having an indwelling urinary catheter for prolonged periods. Cluster E and G isolates had the same ST and epidemiological characteristics, except for the years during which they were isolated, but showed differences in their PFGE patterns, harbouring of aac(6')-Ib-cr and antibiograms. These results suggest that the cluster G isolates could have been the result of clonal isolates that acquired extra antimicrobial-resistance genes during the period of nosocomial spreading.
In this study, we used PFGE and MLST for genotyping. The results showed good correlations between PFGE patterns and STs. All 31 isolates in clusters E and G belonged to ST68 (n529) or ST68-like (ST2503, n51; ST2506, n51). PFGE is considered to be the gold standard for bacterial genotyping during outbreak investigations (Peters, 2009 ). However, the PFGE patterns of prolonged spreading isolates may change significantly over time and, consequently, can be easily misinterpreted. In a prolonged outbreak or a clonal spreading investigation, the combination of PFGE and MLST can both verify whether clonal spreading has occurred and provide a better understanding of the evolution of spreading isolates. In our study, there were two major PFGE clusters that might be considered as two different outbreaks or spreading events. Based on further MLST analysis and epidemiological investigations, 94 % (29/31) and 81 % (25/31) of the spreading isolates were ST68 and obtained from patients who had stayed in the RCW, respectively. These results indicate that this spread was probably prolonged, starting from the earlier cluster E isolates in 2007 and progressing to the later cluster G isolates in 2008 and 2009. These findings could not have been obtained by either PFGE or MLST alone.
Aminoglycoside 6'-N-acetyltransferases of type Ib [encoded by aac(6')-Ib] are the most common cause of aminoglycoside resistance (Neonakis et al., 2003) . The aac(6')-Ib-cr variant of aac(6')-Ib increases fluoroquinolone resistance by N-acetylation at the amino nitrogen on the piperazine ring (Robicsek et al., 2006) . The aac(6')-Ib-cr gene is often located on plasmids and can be co-transferred with other plasmid-resistance genes, such as bla CTX-M and qnr, which then results in multidrug resistance . In the 83 isolates studied here, only 12 harboured the aac(6')-Ibcr gene and, among these, 11 belonged to ST68 as determined by MLST and cluster G as determined by PFGE. However, none of the isolates in cluster E harboured the aac(6')-Ib-cr gene. Furthermore, as compared with the 11 isolates of PFGE cluster G that were not associated with aac(6')-Ib-cr, those with aac(6')-Ib-cr had a significantly higher prevalence of a ciprofloxacin MIC above 256 mg ml 21 (100 vs 36 %, P,0.05). These results indicate that spreading isolates could have acquired external genes, and that this might have resulted in differences in antimicrobial resistance and PFGE patterns during prolonged spreading.
To the best of our knowledge, this is the first report of bacteraemic clonal spreading of E. coli ST68. Multidrugresistant E. coli transmission among residents of nursing homes has been reported in European countries, although those outbreaks were mainly caused by E. coli ST131 (Dhanji et al., 2011; Arvand et al., 2013; van der Donk et al., 2013) . A previous study indicated that the pHK01-like plasmid encoding CTX-M-14 was identified in E. coli ST68, ST405 and ST131 clones in Hong Kong (Ho et al., 2012) . It remains unknown whether the pHK01-like plasmid is the main cause of the spread of CTX-M-14 and the increased TGC resistance of E. coli in Taiwan.
The prevalence of dual b-lactamase (ESBLs and plasmidmediated AmpC)-producing Enterobacteriaceae is rapidly increasing (Yan et al., 2000 (Yan et al., , 2006 . In our study, bla CTX-M-14 and bla CMY-2 were detected in 46 (55 %) and 59 isolates (71 %), respectively. Moreover, 30 of the 83 study isolates (36 %) harboured both bla CTX-M-14 and bla CMY-2 . These results are concordant with those reported by Tsui et al. (2012) . These results indicate that not only E. coli strains with bla CTX-M-14 alone, but also those with bla CMY-2 or both bla CTX-M-14 and bla CMY-2 , are increasing rapidly in Taiwan. In contrast to E. coli or K. pneumoniae with bla CTX-M alone, isolates with bla CIT or both bla CTX-M and bla CIT may have negative ESBL confirmatory test results because clavulanate can induce plasmid-mediated AmpC b-lactamase production and interfere with the ESBL confirmatory test. In our study, it is of major importance that among the 30 isolates with both bla CTX-M-14 and bla CMY-2 , 20 (67 %) were positive by the ESBL screening test but negative by the ESBL confirmatory test. In addition, laboratories that interpret susceptibility according to the more recent CLSI (2010) guidelines might report only the MIC results and not ESBL production. Because of the difficulty in detecting antimicrobial-resistance genes in isolates with both bla CTX-M and bla CIT , clinical staff members may overlook the possibility of multidrug-resistant bacteria spreading and may not be able to control such a spread at the earliest stage. To successfully monitor and control the spread of Enterobacteriaceae with both bla CTX-M and bla CIT , clinical staff members should pay more attention to isolates that are positive by the ESBL screening test or with cephamycin resistance.
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In conclusion, we have documented a 3-year clonal spread of E. coli ST68 with reduced susceptibility or resistance to TGCs through epidemiological investigation and DNA fingerprinting analysis using PFGE and MLST. Although it had not been previously identified, the spread subsided with enhanced hand hygiene, environmental disinfection and contact precautions. Moreover, using both PFGE and MLST when investigating prolonged spreading events or Fig. 2 . PFGE pattern, ST, year of isolation, source of bacteraemia, presence of aac(6')-Ib-cr, bla CTX-M-15 , bla CTX-M-14 and bla CMY-2 , and the history of an RCW stay for 83 bacteraemic E. coli isolates. BSI, bloodstream infection; GI, gastrointestinal; PNEU, pneumonia. 
